INTRODUCTION
The pressure control of cryogenic storage tanks in space is one of the major technologies being developed in the NASA cryogenic fluids management program.
The heat transferred through insulated tank walls can result in thermal stratiflcatlon of the cryogenic propellant which increases the tank self-pressurlzation rate.
A preferred method of controlling the pressure of a cryogenic storage system is the use of axial Jet-induced mixing (refs. l and 2). A slightly subcooled jet can provide mixing of tank liquid and transfers heat from the interface into the bulk liquid.
Vapor condensation is induced and the pressure of the tank is then reduced.
Therefore, the interface condensation plays the key role in controlling the pressure of a jet-induced mixlng tank.
Several stud|es of steady-state fluid mixing and condensation rate have been conducted. Thomas (ref. 3) measured the condensation rate of steam on water surfaces mixed by a submerged turbulent jet and found that the condensation rate was roughly proportional to the jet Reynolds number. Dominick (ref. 4) investigated the effects of jet injection angle and jet flow rate on the condensation rate in a Freon If3 tank.
The interface heat transfer was observed to increase as jet injection angle became more normal to the interface.
However, the average heat transfer coefficient at the interface was found to be increasing with jet Reynolds number only to a power of 0. A correlatlon between the condensation rate and characteristic interface turbulent velocity was developed.
Hasan and Lin (ref. 6) used a finite-difference method to solve time-averaged conservation equations along with a k-e turbulence model for the prediction of turbulent velocity. The numerical prediction was in good agreement with Sonin's data except for the region close to the interface where the diffusion process was dominant.
The failure of the numerical solution for the near-interface region, as stated in reference 6, was probably due to an inappropriate turbulence model or the inappropriate turbulence boundary conditions applied at the interface. subjected to a unlform heat leak. The dimensionless wall heat-flux parameter, Nh (Nh E qwDlk(Ts -Ti)), which characterizes the uniform wall heat-flux is varied from 0 to 4. _ll the associated thermodynamlcsand transport properties are assumedconstant since only small temperature variation is considered In the whole flowfield. 
By uslng equations (2) and (3),
where the Jet volume flow rate (Q), the Jakob number (Ja), and the average outflow temperature are defined as Q = ujAj, 3a = Cp(T s -Tj)/hfg, and Tou t = % ToutdAout/Aou t, respectlvely. The form of equation-(4) _s convenient to estimate the interfacial condensation mass flux by uslng the measurable experimental variables.
The condensation mass flux at the Interface Is given by
where mc Is the average condensation mass flux at the interface, and k is the thermal conductlvlty.
Thus, the condensation-lnduced velocity can be related to the interfacial temperature gradlent by K[aTI (6) U -c phfg
Equatlons (4) and (5) can be used as the termlnatlon crlterlon for the iteratlve calculatlon or as a check of the numerical solutions.
MATHEMATICAL MODELING
The jet-lnduced mixing problem considered in the present study is steadystate and incompresslble with gravity acting in the vertical negative-x direction.
The dimensionless forms of the governing equations, with buoyancy force resultlng from the temperature gradient in the liquid neglected, are au* at*v* ax ---T + r-_ ar* -0 The nondimensional varlables in the above equations are defined as
It Is noted that, for convenience, the gravity term has been subtracted from the x-momentum equatlon by using the static equilibrium equation" ax : -pg
The relevant parameters In the governing equations are the jet Reynolds number (Rej), the Prandtl number (Pr), and tank to jet diameter ratio (B)"
The followlng boundary condltlons are used to solve the elliptic equations (7) to (lO) .
At the centerline, the symmetric condltions are used:
Nonsllp conditions are applied to the solid walls"
The bottom-wall Is assumed to be adiabatic"
The side-wall is subjected to a uniform heat flux"
where the wall heat-flux parameter Nh is defined by
The interface Is at saturation temperature TS and is assumed to be wavefree and shear-free"
The axial velocity at the interface is the condensation-induced velocity and is given, from equation (6) From the above analysis, the condensation Stanton number can be expressed
The Pressures are obtained from a predictor-corrector procedure of the Pressure Implicit Spllt Operator (PISO) method (ref. 9) which ylelds the pressure change needed to acqulre velocity changes to satlsfy mass continuity.
The governing flnite-difference equations are solved Iteratlvely by the ADI method wlth under relaxation untll the solutions are converged.
Calculations are performed wlth a nonuniform grld dlstrlbution with concentratlon of the grid nodes in the centerllne, near-wa11, and near-lnterface regions where the gradients of flow propertles are expected to be large. The nonunlform grid dlstrlbutlon in axial dlrection is generated by uslng an exponentlal function of Roberts' transformation (ref. 10) with the stretching parameter equal to 1.02.
In the radial dlrectlon, the scheme used by Cebecci and Smlth (ref. ll) with a constant ratio between two adjacent grid spacing is used.
The 72 by 41 grid nodes which have been shown In reference 7 to give reasonable grld-lndependent solutions are used for a11 the calculations in the present study.
Calculations are performed on a CRAY-XMP computer located at NASA Lewis Research Center.
The convergent solutions are considered to be reached when the absolute value of (eqs. (17) -(18))/(eq. (17)) is less than 0.005 and the maximum of absolute residual sums for each dependent variables is less than lO-6.
RESULTS AND ANALYSIS
Numerical solutions showed that the flowfield near the jet region is generally independent of the parameters Ja, Pr, Nh, and Aout/A j at least for their ranges considered in this study.
The linear relatlon Between the potentlal core length to jet diameter ratio (xD/d) and jet Reynolds number This is because the outflow located closer to the wall enhances the 11qu|d circulation of the tank and convects more heat from the wall to gain a higher outflow temperature at the tank bottom. This information will be very useful in the design of a pumping system for the mixer.
The heat transfer due to condensation is carried away by the radial flow motion near the interface.
Therefore, the interfaclal heat transfer is expected to be greater for lower liquid fill level since the radial velocity near the Interface will be greater.
The In that case, St c is nearly a constant determined by the system geometry and the interface condensation rate can be determined by the jet volume flow rate.
This conluslon also supports the finding in reference 7.
The__Jet subcoollng is characterized by Jakob number (3a). Figure 8 shows that St c is llnearly increasing with Ja.
For an adiabatic wall (Nh = 0), the increase of St c wlth respect to Ja is very sma11.
The effect of Ja on S_ C is enhanced at larger Nh. However, even for hlgh wall heat flux, Nh , 4, the difference in the value of St C between Ja : 0 and 0.2 is stlll less than 4 percent.
For most common cryogens such as liquid hydrogen, nltrogen, and oxygen, Ja is generally less than 0.2 for most practical applicatlons.
Thus, the effect of 3a can be neglected and the work of reference 7 in which 3a -0 was__assumed Is also justified. It is noted that the explicit effect of Ja on St C is dlrectly through the condensation-lnduced velocity * at the interface. Thus the negllgible effect of Ja simply means that, U C * at the interface Is Included in the calculations or not, the whether uc effect is negllglble.
Numerical solutions show that the maxlmum value of uc, which is usually located at or near the centerllne, is generally at least two orders of magnitude lower than the Jet velocity. Heat transfer through the tank walls tends to generate thermal stratification and to increase the average temperature of the liquid.
Thus, an increase in the wall heat-flux wlll result in the reduction of condensation rate. 
CONCLUSIONS
The effects of system parameters on the interface condensation rate in a laminar jet-induced mixing tank as shown in figure  1 have been numerically investigated.
The Thus, normal-g (flat interface) solution may be applied to the low-g (curved interface) condition if the liquid fill level is low and the jet nozzle diameter is relatively small. 
